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a) in-situ  LT-CFB w/o particle filter 50 cm 150C
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 LT-CFB w/o particle filter 5.6 cm 504C
 H
2
O 16% calculated from HITRAN






in-situb)   LT-CFB 5.6 cm 504C & 16% H2O subtracted
 CO
2
 14% calculated from HITRAN
 CO
2





















in-situ  LT-CFB 5.6 cm 504C & 16% H2O subtracted
 CO
2
 12% calculated from HITRAN
 CO
2
 14% calculated from HITRAN
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 LT-CFB w/o particle filter 50 cm 150C0
 H2O 14% (HITRAN)
 CO2 12% (HITRAN)
 CO 8,5% (HITRAN)






















a)  LT-CFB w/o particle filter 50 cm 150C0
 CO2 12% (HITRAN)
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 LT-CFB 50 cm 150C






O 33% (HITRAN) 
a)  LT-CFB 50 cm 150C + CO, CO2, H2O removed
 CH4 2,5 % (HITRAN)





















 LT-CFB 50 cm 150C known species subtracted
 C2H4 1% (HITRAN)
 C2H4 0,75% (HITRAN)














































 LT-CFB & CO, CO2, 
         H2O and CH4 removed
 C2H6 0.39% 
 C3H6 0.3% 
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 LT-CFB Extraction (1.)













































 LT-CFB Extraction (1.)
 Phenol            150C 360 ppm
 Naphthalene 150C 30.5 ppm





























 LT-CFB Extraction (1.)
 Phenol + Naphthalene 
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 Phenol 7700 ppm
 Naphthalene 1000 ppm






























 Phenol + Naphthalene
7700 ppm           1000 ppm








&!  '  





















































 Phenol 300 C 400 ppm
 Phenol 150 C 400 ppm






























 Naphthalene 300C 100 ppm
 Naphthalene 150C 100 ppm
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 Phenol 400 ppm
 Naphthalene 100 ppm
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a b s t r a c t
A new design is presented for a gas flow cell for reactive gases at high temperatures.
The design features three heated sections that are separated by flow windows. This design
avoids the contact of reactive gases with the material of the exchangeable optical
windows. A gas cell with this design was validated for high resolution measurements at
temperatures of up to 800 K (527 1C) in the ultraviolet (UV) and infrared (IR) regions
(190–20 000 nm). Verification of the gas temperature in the cell is provided by a
thermocouple and emission/transmission measurements in the IR and UV regions.
High-resolution measurements are presented for the absorption cross-section of sulfur
dioxide (SO2) in the UV range up to 773 K (500 1C).
& 2013 Elsevier Ltd. All rights reserved.
1. Introduction
Spectroscopic methods are used in a wide variety of
applications for the identification and the quantification of
gas components. Accurate molecular spectroscopic data
(e.g., effective absorption cross-sections, or cross-sections
measured by an instrument with finite spectral resolution)
play an essential role in many applications, such as astro-
physics (determination of the gas composition of the
atmosphere of exoplanets [1,2]) and environmental con-
trol (flue gas composition in combustion and gasification
processes [3,4]).
Although there are already databases of measured and/
or calculated spectra for many compounds at room tem-
perature, there is a lack of reliable data at higher tempera-
tures. This gap in the data applies in particular to
experimental data. Although the effective absorption
cross-sections for many gases of interest can be calculated
from or found in, e.g., the HITRAN/HITEMP/ CDSD databases
[5–8], the values must be carefully validated and sometimes
improved using experimental data [9]. This requirement is
especially true at high temperatures. Accurate measure-
ments of the effective absorption cross-sections in a gas cell
at high temperatures require high uniformity of tempera-
ture, concentration and pressure of the gas sample in the
cell. Various gas cells that suit this purpose have been
described by Modest and Bharadwaj [10]. More recent
approaches have been described, e.g., by Hofmann et al.
[11] and Hargreaves et al. [12].
Gas cells suitable for use with reactive gases for
measurements in the spectral range from 190 nm (UV)
up to 20 000 nm (mid IR) at temperatures up to 800 K are
rare because reactive gases interact with the surfaces and
either harm the windows or react with the gas cell walls to
form unwanted products (especially at high temperatures).
In both cases, the spectroscopic properties of either the
windows or the gas can change dramatically, and the gas
cell becomes unsuitable for the accurate measurement of
effective absorption cross-sections.
A new gas cell suitable for work with reactive gases is
presented in the article. The gas cell has been designed
and manufactured to minimize the impact of surface
Contents lists available at ScienceDirect
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reactions and to perform high-resolution UV/IR optical
emission/transmission measurements on gases at tem-
peratures of up to 800 K.
The article has the following outline. In the second
section, the design of the high temperature gas flow cell
(HGC) is described in detail, and the experimental setup is
presented. In the third section, the validation of the gas
cell (performance of the flow windows and temperature/
path length) by IR and thermocouple measurements is
presented. Afterwards, a comparison of available effective
UV absorption cross-sections for SO2 at room temperature
from literature and experimental measurements with the
validated HGC is given. New effective UV absorption cross-
sections of SO2 at temperatures of up to 773 K are
presented, and at the end, a conclusion is given.
2. Design and experimental setup
2.1. Design of the high temperature gas flow cell
The basic principle of the HGC is the same as described
in [13]. The cell is designed to operate at pressure of
approximately 1 bar. There are three heated sections in the
HGC separated about 1 mm from each other. The inner
section is fully heated, and the outer sections of the gas
cell are only partially heated (see Fig. 1). With this three-
zone design, a uniform temperature profile can be
achieved (see also Section 3). While the two outer sections
are purged with a buffer gas (e.g., nitrogen split into two
equal flows, half from each side), the potentially reactive
gas is introduced into the central section.The buffer gas
flow and the reactive gas flow meet between the outer and
inner sections. In this area the net velocity in the hor-
izontal direction is zero. Due to this and the different
viscosities of the gases, a laminar flow sheet is established.
The gas flows can exit through the gap between the
sections. Thus, the reactive sample gas is not in contact
with a optical windows and can therefore not react with
them or form deposits on it, but still can react with the
internal surface of the gas cell. To avoid or at least
minimize hetero-phase reactions of the reactive gases,
inner section of the HGC is made from quartz. The inner
section consists of several quartz parts specially made and
assembled during the glassblowing process. The inner part
includes three quartz tubes with a diameter of 35 mm;
two flow windows with an internal diameter of 9.4 mm; a
gas inlet for the reactive gas that consists of 8 small holes
uniformly distributed around the central quartz tube.
The quartz component is mounted into a sandwich con-
struction between two aluminum blocks that support the
cell. With 16 heating elements mounted into the body of
the aluminum blocks, the cell can be uniformly heated to
800 K to maintain the heat, the aluminum blocks are first
covered with 25 mm insulation boards and later with a
20 mm thick Kerline outer insulation. The heating of the
gas cell is performed with 16 230 V/15 W heating
elements controlled by an ELK 3/3/5 temperature control-
ler together with a type K thermocouple mounted on one
of the aluminum blocks near the quartz component.
A transformer is integrated into the heating circuit to
reach the maximum temperature. Stainless steel inserts
are mounted from both ends of the cell and act as inlets for
the buffer gas and outlets for both the reactive and buffer
gases. Additionally, the inserts seal the cell and hold the
cold, exchangeable optical windows. Depending on the
application, either UV or IR outer windows can be used.
Further details about the HGC can be found in Section 3.
2.2. The high temperature gas flow cell
The setup can be divided into three major parts: the gas
mixing unit with a quartz reactor, the HGC and a spectro-
meter with an external light source. The gas mixing unit
consists of the pre-mixed (with N2) reactive gases in gas
bottles, three high precision mass flow controllers (Bron-
khost), a quartz reactor that can be heated to 473 K and a
heated Teflon line that connects the quartz reactor and the
heated gas inlet to the HGC. The heated line and the gas
inlet are maintained at 293–473 K to prevent a significant
temperature drop when the gas enters the cell. The quartz
reactor is a simple quartz tube, variable in length
(30–60 cm, diameter ∅¼ 5 cm), with one inlet/outlet
where several gases can be mixed and reactions among
them can be performed, if desired. Therefore, a complete
mixture leading to a stable reactive gas concentration in
the HGC is guaranteed. By using two different mass flow
controllers variable concentrations of the reactive gas in
nitrogen at a constant flow could be achieved. A third mass
flow controller regulated the nitrogen flow that was used
as a buffer gas in the HGC.
For the IR emission/transmission measurements, an FTIR
spectrometer (Bomem 155) with an InSb detector and an
external IR light source (a black body at 1073 K) was used.
The measurements have been performed at 2 cm1 spectral
resolution. For the UV absorption measurements, a highly
stable deuterium lamp (30W, LOT Oriel) as the UV light
Fig. 1. Setup of the gas cell. The red arrows indicate the hot reactive gas, while the blue arrows show the colder buffer gas. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of this article.)
H. Grosch et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 130 (2013) 392–399 393
57
source and a 0.5 m monochromator (Spectra Pro 2500i/
Princeton Instruments) with a 3600 grooves/mm holographic
grating equipped with a CCD camera (Princeton Instruments
PIXIS 100B) were used. With this setup, a spectral resolution
of 0.019 nm is achieved.
3. Validation of the HGC
The validation of the gas cell has been performed in
several steps. First, the function of the flow windows at
various temperatures and gas flow rates has been proven.
Additionally, the temperature inside the cell has been
measured, first by the infrared emission/transmission
method and later by the measurement of the temperature
profiles with a calibrated thermocouple.
The verification of the function of the flow windows
was performed using N2 as the buffer gas and CO2 (100%)
as the reactive gas. The CO2 flow was kept constant at
0.795 ln/min during measurements, but the N2 flow has
been varied from 0.2 to 3 ln/min. In Fig. 2, part of an IR
emission spectrum from the HGC is shown with the
temperature controller of the cell set to Tset¼573 K. The
temperature on the heated line (Tline) was set to 473 K, and
the temperature on heated inlet (Tinlet) was set to 423 K.
The shown spectra are single beam spectra obtained by
measurements without external source. To minimize the
impact of the gray body radiation from the walls a J-stop
was set up before the external port of the spectrometer.
When the N2 and CO2 flows are balanced (red lines), the
emission spectrum shows a continuum-like gray body
emission from the cell and a strong CO2 emission band
(2150–2400 cm1), which is affected by CO2 self-
absorption (from cold CO2 as a trace gas in the setup).
A decrease in the buffer gas flow from 0.795 to 0.2 ln/min
leads to a collapse of the laminar sheet of the flow
windows, a penetration of the hot reactive gas into the
buffer sections of the cell (i.e., inserts) and a cooling of the
buffer gas (see Fig. 1). The cooling of the gas can be
perceived as an increase of CO2 self-absorption in Fig. 2
(a). Conversely, an increase of the buffer gas flow from
0.795 to 3.0 ln/min causes penetration of the cold buffer
gas into the central (hot) section of the cell and gradual
cooling of this section. The cooling of the section is
observed as a decrease in the emission signal from the
cell (see Fig. 2(b)).
The same measurements have been performed at
Tset¼423 K and 761 K. The limits of existence of the flow
windows are shown in Table 1 (columns 2–4). Here,
Δ stands for the difference in the flow of the buffer gas
nitrogen and the reactive gas carbon dioxide.
The table shows that the flow windows have a higher
tolerance to deviations in the flow at higher temperatures.
Thus the flow windows will cease to exist and a mixing of
the gases in the quartz cell will occur more easily at lower
temperatures. At higher temperatures, the viscosity of
gases is higher, which means that a laminar flow is more
easily established. To maintain a stable flow window, the
use of accurate mass-flow controllers is an essential
component of the setup especially at low temperatures.
In the following discussions, a flow rate of 0.795 ln/min
has been set for both the buffer and reactive gases.
The effective gas temperature profiles in the HGC have
been validated by infrared emission and transmission FTIR
spectroscopy, and detailed temperature mapping inside
the central zone of the cell has been made by thermo-
couple (TC) measurements.
The infrared emission/transmission method for mea-
suring the gas temperature has been described in detail in
[14]. The measurements have been performed at Tset¼423,
573 and 761 K. The temperature in the heated line and gas
cell inlet was set to 423 K for Tset¼423 K and 473 K for
Tset¼573 and 761 K, respectively. The emission and trans-
mittance spectra calculated from the experimental data for
CO2 at 573 K are shown in Fig. 3 in the upper and lower
panels, respectively. To calculate the transmittance spec-
trum correctly, and minimize the effect of the CO2 self-
absorption in the spectrum, the interferrograms both
with and without black body radiation were taken for
both cases, with and without CO2. After subtracting the
interferrograms without black body radiation from the
Fig. 2. Part of the emission spectrum from HGC at Tset¼573 K. The lines (from red to gray) show the CO2 self-absorption at 2350 cm1 when the buffer gas
flow (N2) (a) decreases and (b) increases. The reactive gas flow (CO2) is kept constant at 0.795 ln/min. The flow diagram in top left corner depicts
schematically what happens in the cell. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this
article.)
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ones with blackbody radiation for each of the two result-
ing data sets, the single beam spectrum is calculated. The
quotient of the single beam spectrum with CO2 and the
one only with nitrogen is equal to the transmittance. The
emission spectrum is then given as 1 minus the transmit-
tance spectrum. A more detailed description of the proce-
dure can be found in Evseev et al. [15].
Because the CO2 band at 2200–2400 cm1 approaches
black body continuum at the relevant temperature (i.e.,
transmittance is zero, see Fig. 3, lower part), it can be used
for gas temperature (or more precisely, brightness tem-
perature) calculations. Due to traces of CO2 in the setup, it
is impossible to use the entire band. However, in the
region marked by the first black box (approximately
2270 cm1), the contribution of the absorption from cold
CO2 (tail of the structure) to the shape of the strong CO2
emission band is negligible. Therefore, calculations of the
gas temperature can be performed in this spectral range.
This region corresponds to the transitions from high
vibrational CO2 levels; therefore, this emission intensity
is highly temperature-dependent. The best fit of the CO2
emission spectrum by a black body curve gives a gas
temperature of 573 K, which can be considered the highest
gas temperature in the cell. In addition, the transmittance
of CO2 near 3734 cm1 is approximately zero. Therefore,
the part of the CO2 band at 3500–3800 cm1 marked by
the second black box in Fig. 3 can also be used for gas
temperature calculations. The major contribution in the
peak maximum at 3734 cm1 (see Fig. 3, top) is due to
transitions from low vibrational levels that are mostly
populated and are less sensitive to small temperature
variations (or temperature non-uniformity) in the cell.
The black body fit to the CO2 emission spectrum in this
region gives the lowest gas temperature in the cell (in this
case 563 K). In conclusion, the infrared emission/transmission
Table 1
Limits of existence of gas flow windows produced by cold and hot
gas flows.
〈Teff 〉=Tset in K CO2 flow
ln/min
Δ¼N2CO2 ln/min
(% of CO2 flow)
(421.57 70.22)/423.15 0.795 0.045 (6%) + 0.105 (13%)
(571.58 71.14)/573.15 0.795 0.180 (23%) + 0.168 (21%)





























Fig. 3. Top: FTIR emission spectrum calculated from the experimental
CO2 (100%) data at 573 K (blue) and black body spectra calculated at
Tset¼573 K (red) and 563 K (olive). Typical CO2 absorption at ambient
temperature on the black body background is shown by a gray line for a
reference. Bottom: Transmittance spectrum (red) calculated from the
experimental CO2 (100%) data. The black boxes show the spectral ranges
used for the calculation of the gas temperature. (For interpretation of the
references to color in this figure caption, the reader is referred to the web
version of this article.)
Fig. 4. Parts of the measured (blue) and calculated (red) CO2 absorption spectra in the HGC at 761 K. The top panel shows 12% and the middle panel 100%
CO2. In the lower panel, the CO2 true absorption cross-sections are calculated using the HITEMP-1996 database at the corresponding temperature. The
pressure was 1.0156 bar, and the spectral resolution was 2 cm1 at an absorption path length of L¼33.25 cm. (For interpretation of the references to color
in this figure caption, the reader is referred to the web version of this article.)
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method evaluates the effective gas temperature in the cell to
be Teff¼56875 K. The same measurements were performed
at 423 K and 761 K and gave similar results (Teff¼42375 K
and Teff¼75775 K, respectively).
The validation of the effective gas temperature has
been conducted by comparison of the measured and
calculated CO2 absorption spectra at various temperatures
(Tset) and CO2 concentrations in nitrogen. Calculations can
be made on the basis of known high-temperature data-
bases, e.g., HITEMP or CDSD. In this work, the HITEMP-
1996 database has been used. The database is an extension
of HITRAN database, which is extensively used in atmo-
spheric research, into the high-temperature range. All
calculations were done below a temperature of 800 K. In
this way, the known errors of the HITEMP-1996 database
at temperatures higher than 1000 K were circumvented.
In Fig. 4 (upper and middle panels), parts of the
measured CO2 absorption spectra in the HGC at Tset¼761 K
at two CO2 concentrations are shown by blue lines. Tline
was set to 473 K and Tinlet to 423 K. In the same figure, the
calculated CO2 absorption spectra are shown by red lines.
The optical absorption path length (L) has been assumed to
be equal to the geometrical absorption path length
(33.25 cm) measured on the assembled HGC. There is an
excellent agreement between the calculations and mea-
surements at both CO2 concentrations, which confirms
that the optical absorption path length is, in fact, defined
by the flow windows and has the value of 33.25 cm.
There is only a small difference between the measured
and calculated spectra in the range of 2060–2100 cm1.
The small difference can be explained by uncertainties in
the intensities of the weak lines in the HITEMP-1996
database and also by a line mixing effect. These lines start
to provide a definite contribution to the band structure at
higher CO2 concentrations and temperatures. The lower
panels in Fig. 4 show the calculated true (i.e., unaffected by
an instrument) absorption cross-sections of CO2. In the
range 2060–2100 cm1, many extra lines appear at 761 K,
which influence the band structure. The calculated spectra
are insensitive to small variations in the gas temperature
(approximately 75–10 K).
In conclusion, the CO2 absorption measurements and
calculations validate the effective temperature profile in
the HGC and the optical absorption path length, as defined
by the flow windows. For a deeper insight, the tempera-
ture profiles along the axis of the cell have been measured
by a calibrated thermocouple (TC). The TC was calibrated
by the Temperature Laboratory of DTU. The set tempera-
tures (Tset) at the temperature control were 423 K, 573 K
and 753 K. For the measurements, a type K thermocouple
and an Ametek (at Tset¼423 K) and a Fluke (at Tset¼573 K
and 753 K) thermometers were used. The TC was first
placed 1 cm after the first flow window in the central HGC
section and was moved in 1 cm increments along the axis
of the HGC toward the second flow window. The last
measured point was 2 cm behind the second flow window.
In the following, only the results of Tset¼753 K will
be shown.
In Fig. 5(a), the gas temperature (Tgas) profile at
Tset¼753 K is shown for various Tline/Tinlet settings with
the location of the flow windows indicated. In general,
the temperature distribution varies with a value of up to
72.48 K with a small but broader temperature drop centered
at the reactive gas inlet (at 18 cm). This temperature drop is
due to a slight cooling of the gas as it expands
from the narrow gas inlet (4 mm) into the wider
central zone of the cell (30.95 mm). Nevertheless, the dis-
tribution can be perceived as uniform. Comparing the differ-
ent Tline/Tinlet settings (blue – Tline¼423 K/Tinlet¼423 K,
red – Tline¼473 K/Tinlet¼423 K and olive – Tline¼473
K/Tinlet¼473 K) shows that preheating the reactive gas is
essential to maintain the highest possible uniformity of the
gas temperature profile in the cell. At Tline¼473
K/Tinlet¼473 K, temperature uniformity along the axis of the
hot part of the cell is 71.84 K.
At Tline¼473 K/Tinlet¼473 K, the temperature drop at the
reactive gas inlet point (18 cm) was higher than at
Tline¼473 K/Tinlet¼423 K. This difference has not been
observed at 573 K. A possible explanation might be that
the TC has been bending toward the gas inlet during the
measurements, which caused lower TC readings. Neverthe-
less, from comparison of the two mentioned measurements,
Fig. 5. Gas temperature profile in the HGC at a set point on the temperature controller of 753 K. (a) shows the profile for different Tline and Tinlet, whereas in
(b), the effect of different flow rates can be observed. The locations of the flow windows are indicated.
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one can conclude that gas temperature uniformity is in
between 71.53 and 71.84 K.
In Fig. 5(b), the temperature profile of the two primar-
ily used flows of 1 ln/min (red) and 2 ln/min (blue) is
compared. At lower flows, the temperature drop is less
than at higher flows, and a higher uniformity is achieved
(71.84 K at 1 ln/min compared to 75.65 K at 2 ln/min).
However, the higher flow was also used in the gas mixing
to achieve lower ratios of reactive gas to nitrogen.
In general, a gas temperature uniformity better than
72 K at 1 ln/min and 76 K at 2 ln/min for all tempera-
tures in such a gas cell can be considered to be a
satisfactory result. Moreover, such a small value has no
influence on the quality of the high resolution IR
(0.1 cm1)/UV (0.019 nm) absorption measurements for
the gases of interest (e.g., IR: SO3, SO2, H2O and UV: SO2,
H2S, phenol) because of the value's minor impact on the
line shape profiles. Effective gas temperatures (Teff), which
are averaged values of Tgas calculated from TC measure-
ments, are used for the temperature calibration of the
HGC. The results are summarized in Table 1 (first column).
From this finding, a linear relation between the set
temperature (Tset) and the desired gas temperature (Teff)
can be obtained.
In addition to these measurements, a comparison
between a measured and calculated UV spectrum of nitric
oxide (NO) at Teff¼773 K was performed. This comparison
is feasible because the vibrational and rotational transi-
tions are well-known, and the structure of the resulting
spectra can be used as a measure of the rotational and
vibrational temperatures [13]. Fig. 6 shows the results of
this comparison. For a gas temperature of 773 K, a cell
length of 33.25 cm, a matching pressure of 1.035 bar and a
concentration of 700 ppm, excellent agreement between
the calculations and the experiment is shown. Both the
rotational and the vibrational temperatures matched the
effective gas temperature.
4. High resolution UV measurements of sulfur dioxide
As mentioned above, the HGC is designed for UV and IR
absorption measurements. In this section, the performance
of the HGC is shown in high resolution SO2 UV absorption
measurements (Δλ¼ 0:019 nm). The SO2 was chosen
because it has a broad UV absorption spectrum (190–
360 nm), and there is an extensive information regarding
the UV absorption cross-sections of SO2 at low tempera-
tures (160–300 K) [16]. Therefore, measurements at room
temperature (294 K) were performed first.
Afterward, measurements at 423 K, 573 K and 773 K
were conducted. Measurements were performed at three
different SO2 concentrations (215 ppm, 350 ppm and
1000 ppm in nitrogen) to cover the spectral ranges of
high/low SO2 absorption without non-linear effects. The
absorption spectra were converted to the effective absorp-
tion cross-section spectra through use the of Lambert–
Beer Law. In Figs. 7 and 8, a comparison between the
measured effective absorption cross-sections and pre-
viously published SO2 UV absorption cross-sections is
shown. In Fig. 7, the lower resolution data of Danielache
et al. [17] (0.026 nm) and Bogumil et al. [18] (0.21–
0.22 nm) over a spectral range from 197 nm to 360 nm
are shown. Strong agreement between the different data
can be observed. The small difference in the heights of the
single peaks is a result of the different spectral resolutions
used. Because the spectral resolution in the current mea-
surements is Δλ¼ 0:019 nm, the black lines show the
higher peaks. Comparing the presented data with the high
resolution data of Rufus et al. [19] and Woods et al. [20]
(see Fig. 8), a strong agreement can be stated. Thus, our
spectrum can be considered as a result of smoothing of the
high resolution spectrum obtained from Rufus et al. [19].
Only a slight shift of 0.1 nm in the wavelength compared to
Rufus et al. and to Danielache et al. and a slight difference
in the fine structure compared to Woods et al. (298 nm)
Fig. 6. Measurements (blue) and calculation (brown: 0–0 transition,
green: 0–1 transition, red: 1–1 transition) of the absorbance of nitric
oxide at 773 K between 222 nm and 238 nm at 1.035 bar, a path length of
33.25 cm and an NO concentration of 700 ppm. (For interpretation of the
references to color in this figure caption, the reader is referred to the web
version of this article.)
Fig. 7. Comparison of the derived absorption cross-sections from the
absorption spectra of SO2 at 294 K on a logarithmic scale from 197 nm to
360 nm with previously published data of lower resolution. Both Danie-
lache et al. [17] (red) and Bogumil et al. [18] (blue) were obtained at
293 K. The data of Danielache, in particular, were obtained with the 32S
isotope. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this article.)
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can be observed. The shift is most likely due to a wavelength
calibration error of the UV grating spectrometer, although
there is strong agreement in line positions between our
measurement and Woods et al. measurement at 298 nm.
The calibration of the UV spectrometer was conducted in the
185–350 nm range with a calibration Hg/Ar pen lamp and
standard spectrometer software calibration tools. In the
works of Rufus et al. and Danielache et al., a UV-FT spectro-
meter, which has significantly higher precision in wavelength
calibration, was used. Strong agreement of the measured SO2
cross-sections at 294 K with recently published data shows
that all components of the experimental set up (gas mixing
system, HGC and the spectrometer and the light source) are
properly working and can be used for further measurements.
In Fig. 9, the effective absorption cross-sections of SO2 at
294 K, 423 K, 573 K and 773 K on logarithmic scale are
shown. The overall structure of the spectrum remains the
same. However, at higher temperatures, there are certain
changes in the band shapes and fine band structures. The
bands become broader, and the fine band structure begins to
disappear with the increasing temperature.
5. Conclusions and outlook
In this work, a new gas flow cell suitable for work with
corrosive gases at temperatures up to 800 K was designed,
built and validated. The three-section design with a quartz
body and two flow windows allows the performance of
high-quality high-temperature UV/IR absorption measure-
ments with various reactive gases while preventing their
reactions with the optical windows of the HGC. The
validation of the HGC was performed by IR emission/
transmission measurements and TC measurements. The
effective gas temperature and optical absorption path
length were verified by measurements and modeling of
the CO2 absorption spectra at various temperatures in the
HGC. Effective SO2 UV absorption cross-sections measured
at 294 K were compared with previously published data,
and strong agreement was found. The new SO2 UV
effective absorption cross-sections up to 773 K are
presented.
Future works will focus on the cross-sections of other
reactive compounds, such as sulfur- and nitrogen-
containing compounds, as well as aromatic hydrocarbons,
in the ultraviolet and infrared ranges, and their behavior at
temperatures up to 800 K will be determined.
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a b s t r a c t
The temperature dependence of the ultraviolet absorption cross-sections of three
different sulfur containing compounds, hydrogen sulfide (H2S), carbon disulfide (CS2)
and carbonyl sulfide (OCS), are presented between 200 nm and 360 nm at a resolution of
0.018 nm. The absorption cross-sections for each compound are initially compared with
those available in the literature, followed by the discussion of the measurements and their
spectral features at three temperatures up to 500 1C/773 K. Uncertainties in the measured
absorption cross-sections are also addressed.
& 2014 Elsevier Ltd. All rights reserved.
1. Introduction
Absorption cross-sections of molecules are important
spectroscopic data and are used in a variety of applications
for identification and quantification of the compounds in
various multi-component environments such as environ-
mental monitoring and control and sensor developments
[1]. Although absorption cross-sections for many com-
pounds have been investigated thoroughly at room tem-
perature (approximately 21 1C/294 K) both theoretically and
experimentally, their temperature dependence, especially at
higher temperatures, has not been investigated extensively.
In the ultraviolet (UV) range most of the available absorption
cross-section data are reported at low temperatures, which
are of interest for laboratory and atmospheric research [2].
For many high-temperature applications (e.g., flue gas
monitoring, combustion and gasification) data are limited
and normally cover major gas compounds such as e.g., CO2,
CO, CH4 and H2O [3–6].
Due to their environmental impact, sulfur containing
compounds are of growing interest, especially in the field of
energy production. Although the absorption cross-sections
of sulfur dioxide (SO2) have been investigated heavily in the
UV range for various applications, wavelengths [1,7], tem-
peratures [8] and isotopic variances [9], the same has not
been done for other small sulfur containing molecules.
Particularly, the absorption cross-sections of hydrogen sul-
fide (H2S), carbon disulfide (CS2) and carbonyl sulfide (OCS
or COS) have not been adequately determined above room
temperature. However, these compounds are released at
high temperatures in combustion and gasification processes
[10,11] as well as volcanic activities on earth [12,13] and
other planets [14–17]. The knowledge of the UV absorption
cross-sections of these three compounds at high tempera-
ture is beneficial for multiple applications such as flue gas/
product gas analysis but also in atmospheric research.
Experimental data have been determined mainly by
two methods. For the shorter wavelengths in the vacuum
ultraviolet (VUV) range ðr190 nmÞ the dipole strength has
been measured by (e,e)- or (e,2e)-spectroscopy [18–22].
For longer wavelengths (190–400 nm), traditional transmis-
sion measurements in a gas cell containing a continuous
Contents lists available at ScienceDirect
journal homepage: www.elsevier.com/locate/jqsrt
Journal of Quantitative Spectroscopy &
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broad-band light source have been employed. Most
measurements are recorded with purified gases at low
pressures. It is also common to measure the absorption
cross-section with very high resolution at one specific
wavelength [23,24]. In this study, the focus will be on
investigating the temperature-dependent UV absorption
cross-sections of S-compounds in the 200–360 nm range.
While the major absorption of H2S lies in the VUV light
between 40 nm and 160 nm, it does contain a less promi-
nent characteristic band between 160 nm and 250 nm. The
overall UV absorption band at longer wavelengths has
been measured by Watanabe [25], Thompson [26] and Wu
and Chen [27]. In addition, single wavelength measure-
ments have been performed by Wine at 185 nm [28] and
by Wight and Leone at 248 nm [29]. The first temperature-
dependent absorption cross-sections have been published
by Thompson et al., who have presented data for tem-
peratures below room temperature (down to 190 K). These
data have been extended by Wu et al., who also presented
data between 170 K and 370 K with a resolution of
0.06 nm. This work has also been the basis for the JPL
recommendation in 2011 [30], in which the data are given
in 2 nm-increments.
CS2 has its major UV absorption band between 160 nm
and 240 nm with an additional characteristic band
between 280 nm and 360 nm, with an intensity four
orders of magnitude lower than its major band. These
two bands make it possible to identify and quantify carbon
disulfide over a wide range of concentrations, allowing for
a wide range of concentrations to be measured using its
absorbance in different spectral regions. Different groups
have reported data for both bands at room temperature
[32,31,33–35]. The work of Hearn and Joens [36], as basis
for the JPL recommendation [30], as well as Vandaele [37]
and Schneider and Moortgat [38], as the most recent
studies have to be considered. As is also the case for the
other molecules, few publications can be found that
address high temperature spectra of CS2. To the best of
our knowledge, only Dove et al. [39] and Chen andWu [40]
have investigated this matter. In the first work, CS2 has
been investigated with a low spectral resolution over a
long range of wavelengths and coarse temperature steps,
and in the second one, CS2 absorption measurements in
the range 180 nm and 230 nm have been performed up to
383 K.
The absorption cross-sections of OCS have two major
bands in the VUV region, one between 20 nm and 120 nm
[41] and a second between 130 nm and 190 nm. A minor
band (approximately two to three orders of magnitude
lower) can be found between 190 nm and 260 nm. In
contrast to H2S and CS2, a number of publications on the
band between 190 nm and 260 nm [42,43], its tempera-
ture dependency below [44,45] and above room tempera-
ture [46–48] exist and even the isotopology has been
investigated [49]. Nevertheless, these spectra have either
a low resolution [46,47] or do not exceed 370 K [48].
The aim of this paper is to present absorption cross-
sections of the three sulfur compounds H2S, CS2 and OCS
in the temperature range from 293 K to 773 K between
195 nm and 370 nm measured with a high spectral resolu-
tion (0.018 nm). The experimental setup is described, and
then the obtained absorption cross-sections for each of the
compounds are presented. For each compound, a compar-
ison between the previously published data and the
present ones at approximately 293 K will be given before
the results at higher temperatures are presented. The
uncertainties in the measurements will also be discussed
and conclusions presented.
2. Experimental setup
A principle scheme of the experimental setup is shown
in Fig. 1. The setup consisted of the gas mixing unit, a
heated connection line, the high temperature gas flow cell
(HGC) [8] and the UV spectrometry unit.
The gas mixing unit consisted of a set of gas cylinders,
highly stable mass flow controllers (MFC, Bronkhost) and
heated mixing chamber. The four gas cylinders, with H2S,
CS2, OCS, each premixed at 1000 ppm nominal in nitrogen
(N2) and N2 (purity 99.8%) were provided by Air Liquide.
Two MFCs were used to achieve further dilution of the
sample gases with N2 and thereby yield different concen-
trations. One additional MFC was used to control the buffer
gas flow in the HGC. The gases are pre-heated in the
mixing chamber, where additional mixing of the gases
took place. The chamber was connected with the HGC
through a heated Teflon line. The temperature in the
chamber could be set to 423 K, whereas the temperature
on the heated Teflon line could be set up to 473 K to
minimize the gas temperature drop at the inlet of HGC for
temperatures higher than 473 K inside the HGC. The buffer
Fig. 1. Principle scheme of the experimental setup. It consisted of a mixing unit, the high temperature gas flow cell (HGC) and a grating spectrometer unit.
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gas flow was introduced into the HGC without pre-
heating.
The HGC, consisting of quartz, was designed for the use
of reactive gases at temperatures up to 800 K in the UV
and FTIR range and was based on the use of flow windows.
A detailed description of the HGC and its validation is
given in [8]. The idea of the HGC is to prevent the reactive
gas to reach the optical windows and to keep the windows
cooled. To achieve the later, the HGC consists of three
section: two partially heated outer sections for the buffer
gas and one fully heated inner section for the reactive gas.
To prevent the contact between the optical windows and
the reactive gases, the HGC used a principle of the so-
called flow windows. In the region of flow windows, the
cooler buffer gas and the heated reactive gas meet with
similar velocity and establish a laminar flow sheet. The net
velocity in axial direction is zero and both gases exit the
gas cell through a small gap in this region. The pressure in
the cell was measured with a pressure sensor (PTX series
from Druck Ltd.) and was slightly above ambient pressure.
The UV spectrometry unit consisted of a UV lamp,
focusing optics and a UV spectrometer with a CCD camera.
A highly stable deuterium lamp (LOT Oriel) was used as a
UV light source. After passing the HGC, the light was
focused by a quartz lens onto the entrance slit of a 0.5 m
grating spectrometer (Spectra Pro 2500i/Princeton Instru-
ments) equipped with a CCD camera (Princeton Instru-
ments PIXIS 100B). With a holographic UV grating
(3600 gr/mm) the spectral resolution of 0.018 nm could
be achieved between 190 and 400 nm. To match the gas
cell and the spectrometer and to reduce the impact of stray
light, two orifices were added, one between the HGC and
the D2-lamp (larger diameter compared to the size of
internal apertures in the HGC) and one of smaller diameter
between the UV spectrometer and the focusing lens.
The absorption measurements were performed for each
compound at various temperatures and concentrations,
and the absorption cross-sections were calculated. The
different concentrations allowed for the creation of com-
posite absorption cross-section spectra where non-linear
absorption effects due to high absorbance can been elimi-
nated. In addition, the reproducability of the absorption
cross-sections under different circumstances could be
checked and the signal to noise ratio for the different
structures could be enhanced.
3. Results and discussion
In this section, obtained absorption cross-sections for
each compound are compared with those available from
the literature. Then, temperature-dependent absorption
cross-sections are presented. Finally, uncertainties in the
measurements are discussed.
3.1. Hydrogen sulfide
As previously mentioned, several publications about
the absorption cross-sections of H2S at room temperature
already exist. H2S absorption starts approximately 160 nm
and extends towards longer wavelengths with its max-
imum approximately 195 nm. Due to the experimental
setup used in this work, comparisons can be performed
only in the region from 195 nm and upwards.
In Fig. 2, a comparison of the original data from Wight
et al., Wu et al. and the derived JPL-2010 recommendation
with the data obtained here is shown. Although the overall
structure is the same, the maximum of the absorption
cross-section spectrum in the present work is higher than
that in the JPL-2010 recommendation by approx. 10%.
However, this has a minor influence on the value of the
integrated absorption cross-section between 195 and
280 nm. The difference in the absorption cross-sections
between the present work and JPL-2010 recommendation
is within uncertainties reported in [30].
To the best of our knowledge, only Wu and Chen [27]
published data at higher temperatures (up to 370 K).
However, these data were obtained at a different tempera-
ture than in the present work. In Fig. 3 absorption cross-
sections spectra of H2S at various temperatures are shown.
In contrast to most other gases, the H2S absorption cross-
sections have a weak temperature dependence. Only
minor changes in the shape of the spectrum are observed
up to 673 K without a significant decrease of the absorp-
tion cross-section at 673 K.
At temperatures higher than 573 K, a second structure
appears in the area between 250 nm and 320 nm. This
structure can be identified as S2 [50,51] (see Fig. 3 bottom
left). S2 appears due to thermal decomposition of H2S on
the surfaces of the gas cell and in the gas phase [52]. While
the decomposition of H2S is very low at temperatures
up to 673 K, it increases at higher temperatures (see
Section 3.4).
3.2. Carbon disulfide
Similar to H2S, the structure of CS2 exceeds the mini-
mum wavelength of 195 nm. However, in the case of CS2
the structure only ranges down to 180 nm, and a second,
less intensive structure between 290 nm and 360 nm can
be investigated.
Fig. 2. Comparison of the absorption cross-sections of hydrogen sulfide
at hand (black) with Wu and Chen ([27] – blue), Wight ([29] – yellow)
and the JPL-2010 recommendation ([30] – orange) on a logarithmic scale.
(For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this article.)
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In Fig. 4, comparisons with the available literature at
room temperature for the peaks between (a) 205 nm and
230 nm [40] (orange) and (b) 280 nm and 360 nm [30]
(yellow), [38] (blue), [37] (red) are shown. The overall
structure is in good agreement with the literature. In part
(a) of the figure, the peaks of the fine structure are cut off
below approx. 205 nm. This occurred as the result of
absorption of the CS2 being in saturation at room tempera-
ture. Nevertheless, down to the wavelength of 205 nm, the
measurements at hand are in good agreement.
For a better comparison between the single data, a
detailed view of the region between 318 nm and 323 nm is
shown in Fig. 5, where a very good agreement with
Schneider et al. and the JPL recommendation can be seen.
The largest deviations originate from the higher resolution
of the data at hand. Compared to Vandaele et al., a slight
shift in wavelength and a slightly lower intensity can be
seen. Otherwise, no significant deviations are observed.
In Fig. 6, the variation of the spectrum with tempera-
ture from 195 nm to 360 nm is shown. For 773 K, the fine
structure at approximately 200 nm can be fully resolved
without running into full absorption.
As expected, the heights of individual peaks are low-
ered with an increase in temperature, making the fine
structure disappear. Meanwhile, the width of the overall
structure increases with the temperature by raising the
coarse structure at higher wavelengths and shifting the
overall maximum towards higher wavelength. Up to 573 K,
the absorption reaches the maximum at approximately
205 nm. This behavior has already been reported by Dove
et al. [39] for the coarse structure up to 4000 K and by
Chen and Wu [40] for the structure between 280 nm and
360 nm at 383 K and is similar as the behavior of SO2 at
higher temperatures [36,8].
Fig. 3. Absorption cross-sections of hydrogen sulfide at room tempera-
ture (black), 423 K (blue) and 573 K (orange) and 673 K (red) on a
logarithmic scale. (For interpretation of the references to color in this
figure caption, the reader is referred to the web version of this article.)
Fig. 4. Comparison of the absorption cross-sections of carbon disulfide at hand (black) in two different ranges: (a) between 195 nm and 230 nmwith Chen
and Wu ([40] – orange) and (b) between 280 nm and 360 nm with Schneider and Moortgat ([38] – blue), Vandaele ([37] – red) and the JPL
recommendation ([30] – yellow dots) on a logarithmic scale. (For interpretation of the references to color in this figure caption, the reader is referred to the
web version of this article.)
Fig. 5. Detailed comparison of the absorption cross-sections of carbon
disulfide at hand (black) with Schneider and Moortgat ([38] – blue),
Vandaele ([37] – red) and the JPL recommendation ([30] – yellow dots)
between 318 nm and 323 nm on a logarithmic scale. (For interpretation
of the references to color in this figure caption, the reader is referred to
the web version of this article.)
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3.3. Carbonyl sulfide
As reported by Molina et al. [44] and Locker [47], some
additional absorption caused by an impurity of CS2 can be
found in the OCS absorption spectra. To obtain the pure
OCS absorption structure, the CS2 structure obtained in the
same experiments at the same temperature was sub-
tracted. It was found that CS2 is present in the ppb-range
(approximately 65 ppb at 100 ppm OCS in nitrogen),
which is likely the result of impurities in the gas bottle.
A comparison of the obtained OCS absorption cross-
section spectrumwith the available data from the literature
has been done in Fig. 7. In part (a) of the figure, a good
agreement with the overall structure between 205 nm and
275 nm can be observed. Although the older data ([44] –
blue) and the derived JPL data ([30] – yellow dots) range
above the measured curve, newer data ([48] – green and
[49] – orange) are slightly below the measured curve, and
yet the derivation of the data at hand is less than 5%. Only at
approximately 206 nm does a different peak appear. This
peak belongs to CS2 and was present even after its subtrac-
tion due to the problems with total absorption discussed
above. Upon closer examination, (Fig. 7b) between 215 nm
and 230 nm, a very good agreement of the fine structure
with the measurements of Hattori et al. can be found, with
only a slight shift in wavelength of approximately 0.1 nm.
In Fig. 8, the temperature dependency of the absorption
cross-section of OCS is shown over the wavelength between
205 nm and 315 nm. The maximum of the overall Gaussian-
like shape stays the same, with only the height and the
position of the maximum changing. Both the height and the
wavelength of the maximum increase with temperature.
Moreover, the peaks of the superimposed fine structure stay
at the same wavelength, but their amplitude decreases. This
is in good agreement with the temperature dependent
behavior reported by Locker et al. [47].
Fig. 6. Absorption cross-sections of carbon disulfide at room temperature
(black), 423 K (blue), 573 K (orange) and 773 K (red) on a logarithmic
scale. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this article.)
Fig. 7. Comparison of the absorption cross-sections of carbon disulfide at hand (black) with Molina et al. ([44] – blue), Wu et al. ([48] – green), Hattori et al.
([49] – orange) and the JPL recommendation ([30] – yellow dots). (a) Overview from 205 nm to 275 nm and (b) detailed view between 215 nm and 230 nm.
(For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
Fig. 8. Absorption cross-sections of carbonyl sulfide at room temperature
(blue), 423 K (green), 573 K (orange) and 773 K (red). (For interpretation
of the references to color in this figure caption, the reader is referred to
the web version of this article.)
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3.4. Uncertainties
To evaluate the measured cross-sections, the sources of
uncertainties in the measurements and their impact on the
data have to be evaluated. The methodological uncertain-
ties, the quality of the gas composition, the wavelength
shift due to the grating and the stray light and shifts in the
stability of the deuterium lamp, residues in the gas cell
and the conversion into other compounds can be seen.
As stated on the certificates of the gas bottles, the
uncertainty on the concentration of CS2 and H2S was
below 3%, whereas it was 5% for OCS. Because this
experimental setup was calibrated by a UV pen lamp
(Hg/Ar) and the standard spectrometer software, a shift
of the wavelength might have occurred. In [8], a compar-
ison of SO2 data obtained with this setup and data
obtained by FT-UV measurements with higher spectral
precision from Rufus [7] were done. The wavelength
difference was found to be Δλ 0:1 nm.
A potential third source of uncertainty, the stray light,
was also considered. This can play a significant role when
the absorption peaks are close to total absorption. For H2S
and OCS, the uncertainties due to stray light at the
maximum peak heights were always below 1%. For CS2
the peaks below 207 nm the uncertainties due to the stray
light exceeded 5%, whereas it was below 0.5% between
280 nm and 360 nm.
As a highly stable deuterium lamp was used as light
source, the uncertainties due to changes in the light
intensity were below 1% in the region investigated.
To reduce the influence of residues on the spectra, the
setup was purged with N2 for a sufficient amount of time
after each measurement. To verify this, the absorption
background spectrum before and after the measurement
and after the N2 purging was taken in all cases.
As a potential source of impurities, a chemical conver-
sion of the gases was also taken into account. With the
gas–wall interaction and the thermal decomposition, the
impurities can have two sources and might affect the
spectrum by reducing the effective heights of it and
interfering by ’adding’ new peaks. Although the cell was
built to minimize the surface effects, in the case of OCS, an
interference with the strong CS2 below 220 nm could be
observed. Here, the impact of the conversion was negli-
gible (0.065%), and a simple subtraction of the unwanted
spectra was sufficient.
In case of H2S, trace S2 gas was observed. Here, the
impact of the conversion was determined by measuring
the difference of the concentration of H2S before and after
the heating of the HGC by a second cell. Up to 673 K, no
difference in the height or shape of H2S other than the
additional S2-structure could be found. Due to surface
effects, such as adsorption of H2S at the stainless steel
walls in the outlet of the HGC, the exact decomposition
rates at temperatures higher than 673 K could not be
evaluated, and the obtained data cannot be published.
For that reason, only H2S absorption cross-sections at
673 K rather than 773 K are reported here.
In addition to the already mentioned uncertainties, the
deviations from the Lambert–Beer law due to instrumental
effects have been investigated. According to Mellqvist and
Rosén [53], the apparent spectrum can be considered as
true spectrum, if the width of instrumental line shape is
one-fifth of the linewidth of the absorption line. This is true
for OCS, H2S and in most parts also for CS2. Only in very few
cases, the CS2 structure between least 3.5 and 5 times is
wider than the instrumental line shape. In these few cases,
the optical depth is small (below 0.1). This means that the
presented spectra are within 1% of the true spectra.
4. Conclusion
In this paper, absorption cross-section for CS2, H2S and
OCS in the UV range between 200 nm and 360 nm has
been presented. The results were obtained by using pre-
mixed gases at atmospheric pressure, a high temperature
gas flow cell and a UV grating spectrometer setup. Com-
parison of available literature data at room temperature
was made to evaluate the quality of the absorption cross-
sections at hand and all three cases a very good agreement
was found. Afterwards, absorption cross-sections for the
three compounds at 423 K, 573 K and 773 K were pre-
sented, for the first time. Finally, an overview of possible
uncertainties was given.
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a b s t r a c t
Absorption cross-sections and their temperature dependency, especially in the UV
spectral range, of organic compounds such as phenol and naphthalene are of great
interest in atmospheric research and high temperature processes. Due to the challenges of
producing premixed gases of known concentration, it is difficult to determine absorption
cross-sections in experiments, especially at higher temperatures. In this paper, a gas flow
of nitrogen with a stable but unknown concentration of phenol or naphthalene is
produced, and their UV absorption spectra between 195 and 350 nm have been measured
at higher resolution than before (0.019 nm) in a hot gas flow cell at temperatures of up to
500 1C/773 K. A Petersen column is used to sample the organic compounds in the gas
mixture to determine their concentration by GC–MS. The absorption cross-sections are
calculated with the use of the Lambert–Beer law. Consequently, the absorption cross-
sections for phenol and naphthalene at room temperature, 423 K, 573 K and 773 K in the
range of 195–360 nm are presented in this study.
& 2015 Elsevier Ltd. All rights reserved.
1. Introduction
Simple aromatic compounds, such as benzene, toluene,
xylene (BTX), and phenolic and polyaromatic hydrocar-
bons, are known to be hazardous for health and the
environment. Nevertheless, in their gaseous form, they
play an important role in interstellar [1] and atmospheric
chemistry [2] as well as in the chemical industry. They are
also known as an intermediate product in different high
temperature processes, such as combustion [3] and bio-
mass gasification [4,5]. With new regulations that lower
pollution threshold values, the energy sector has a parti-
cular interest in monitoring and controlling these com-
pounds to minimize their release into the environment.
There are several techniques, including ultraviolet (UV)
spectroscopy, gas chromatography–mass spectrometry
(GC–MS) and laser-induced fluorescence (LIF), for the quan-
tification of organic compounds in gaseous mixtures, parti-
cularly phenolic and polyaromatic compounds. Among the
methods used, optical techniques such as UV spectroscopy
and LIF play only a minor role in high temperature processes,
particularly the analysis of the producer gas from gasification
processes. This is due to a lack of spectroscopic reference
data for these organic compounds, especially at higher
temperatures. It would still be beneficial, however, to use
optical techniques because they can avoid the typical pro-
blems associated with sampling methods (e.g., gas cooling,
sample handling) and make continuous, online and in situ
measurements possible. Continuous and in situ measure-
ments are of special interest for long term monitoring of gas
flows. Moreover, atmospheric research also has a strong
interest in obtaining reliable data of organic compounds at
different temperatures and at a reasonable resolution to
quantify these compounds.
Analyses of phenolic and polycyclic aromatic hydrocar-
bon compounds in the product gases of biomass gasification
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have been well established using chromatographic techni-
ques that may be coupled with mass spectrometry [5–7].
These compounds are most commonly part of the tar
fraction in gasification. Analysis and detection of tar com-
pounds from the sampled gas is often performed using GC–
MS techniques. Such techniques may be used with isotope-
labeled compounds as internal standards and quantification
aids [5,8,9].
The absorption cross-sections in the UV range for aro-
matic compounds, in general, are scarce and need to be
extended [10]. In the case of phenol and naphthalene, the
subject of this investigation, the number of reports in the
literature is more limited. However, especially in high
temperature applications where strong changes in the
structure of the cross-sections can occur, reliable absorption
cross-sections are necessary to obtain consistent gas con-
centrations. To our knowledge, no data have been published
to date for these compounds at higher temperatures.
There are only a few publications for phenol covering
the spectral range between 200 nm and 360 nm. The
studies of Breho and Lesclaux [11] from 1997 covers almost
the full range but only shows the absorption cross-sections
in very coarse steps of 2–20 nm, while Trost et al. [12] and
Etzkorn et al. [13] investigated only the characteristic
bands between 240 and 290 nm. These papers used a
setup of a UV lamp (either a deuterium lamp [11,12] or a
xenon high pressure lamp [13]) with a bandpass for the
lower UV ranges, a monochromator (e.g., Czerny–Turner
spectrograph) and a detector (either a photomultiplier [11]
or a photodiode array detector [12,13]). While Trost et al.
could achieve a spectral resolution of 0.11 nm and Etzkorn
et al. obtained a resolution of 0.146 nm, Breho et al. did not
report the resolution in his report.
Three datasets of absorption cross-sections at room
temperature are available for naphthalene in the spectral
range investigated in this study. All experiments were
obtained by absorption measurements with a grating
spectrometer in a gas cell of different length and light
sources. In all cases, the vapor of purified naphthalene was
investigated at low pressures. The report published by
Ferguson et al. [14] in 1957 at 313 K covered the char-
acteristic bands between 245 nm and 285 nm and intro-
duced small amounts of argon to the naphthalene vapor to
achieve thermal equilibrium more rapidly. George et al.
[15] in 1968 covered the full spectrum between 187 nm
and 327 nm in three steps. The results were presented in
one graph with the factor of magnification. The most
recent study by Suto et al. [16] investigated the spectrum
of naphthalene between 190 nm and 290 nm with a
spectral resolution of 0.1 nm. The study itself focused on
the fluorescence spectrum but also presented quantitative
absorption cross-sections. Moreover, a study by Orain et al.
[17] measuring the laser induced fluorescence of naphtha-
lene at higher temperatures included the measurement of
the absorption cross-section of naphthalene at 266 nm at
350 K.
Due to the nature of the studied compounds, no
commercial gas mixture is available, and it is difficult to
produce gas of known and stable concentration. However,
three methods can be used to achieve this. As reported in a
previously published procedure, a small stable amount of
vapor can be produced in a gas cell [12]. This, however, can
cause deposits of organic compounds on the windows of
the gas cell and therefore change the optical properties. In
a second method, a known volume of the compound in
question is continuously evaporated directly in a gas
stream of known velocity. In this case, problems through
concentration changes due to droplet formation during
evaporation of the compound can occur. In the third
method, a gas mixture is prepared by passing nitrogen
gas over the solid crystallized compound. Here, the vapor
pressure of the compound and a constant flow ensure
stable concentration over the course of the measurements.
The concentration is then determined using an appropri-
ate analytical method e.g., GC–MS. In all cases, either
heating of the whole system or dilution of the gas is
necessary to stabilize its concentration and prevent
condensation.
In the approach described in this paper, the UV absorp-
tion spectra of phenol and naphthalene from room tem-
perature up to 773 K at unknown but stable concentrations
were measured. The concentrations were obtained from a
GC-MS analysis of samples taken with a Petersen column
during UV absorption measurements. From the data
obtained, an averaged value for the absorption cross-
sections at each temperature could be calculated. In the
first section, the paper presents the experimental set-up
with a brief description of the different devices applied.
Afterwards, the results for the UV absorption cross-sections
for phenol and naphthalene are presented and a compar-
ison with existing data is given. In the end, a short
conclusion is given.
2. Experimental setup
The experiment was conducted in two steps. In the first
step, a flow of the aromatic compound in nitrogen with a
stable concentration was generated, which was then
analyzed by UV absorption spectroscopy and sampled
using a Petersen column. In the second step, the samples
taken by the Petersen column were analyzed using GC–
MS.
The objective of the two-step experiment was to obtain
absorption cross-sections for phenol and naphthalene at
different temperatures. Therefore, measurements were
conducted in four temperature steps (296 K, 423 K, 573 K
and 773 K). The measurements at room temperature
(296 K) were used to compare the results with previously
published absorption cross-sections. At each temperature
step, four samples for GC analysis were taken, two at a
lower concentration and two at a higher concentration.
This was performed to show data reproducibility and to
minimize errors in the UV spectra due to total absorption
(at high concentrations) and signal noise (at low concen-
trations). During each sampling, three UV spectra were
taken (at the beginning, the middle and the end) to
document the stability of the concentrations.
In Fig. 1, a scheme of the experimental set-up is shown.
The set-up consists of three parts: the gas mixing part (1),
the optical analysis part including the hot gas flow cell
(HGC) and the UV spectrometer (2), and a sampling part (3),
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where the sampling with the Petersen column for the GC–MS
takes place.
To enrich the UV inactive nitrogen (N2) with the
aromatic compound, a steady flow of 0.5 lN/min controlled
by a high precision mass flow controller (MFC, Bronkhost)
was passed through a tube coated with melted crystals of
the compound. Because of the relatively high vapor
pressure of the volatile aromatic compound, a significant
amount of the compound could be added to the flow. The
steady flow and a long waiting time of 30 min before each
measurement assured that the concentration of the aro-
matic remained stable in the whole system. The higher
concentrations were achieved by diluting the enriched
nitrogen flow by a flow of 0.5 lN/min of pure nitrogen.
For the lower concentrations, the flow was diluted with
1.5 lN/min of pure nitrogen controlled by a second MFC.
The resulting higher flow rate did not change the quality of
the optical measurements and was taken into account in
the GC–MS sampling. Afterwards, the gas mixture entered
the HGC. A third MFC provided an equal flow of buffer gas
(N2), which was needed to run the HGC.
The optical setup for the measurements of the UV
absorption spectra consisted of two major parts, the
optical spectroscopy and the heated gas flow cell system,
which has already been described in [18] and will be
addressed only briefly here.
A highly stable deuterium lamp (30 W, LOT Oriel) was
used as the light source for the spectroscopy and placed
directly in front of the gas cell. On the other side of the gas
cell, a lens focused the light through an orifice on the
entrance slit of a 0.5 m monochromator (Spectra Pro
2500i/Princeton Instruments). The monochromator used
a holographic grating of 3600 grooves/mm and was
equipped with a CCD camera (Princeton Instruments PIXIS
100B). The spectral resolution of this setup was deter-
mined to be 0.019 nm. The setup was calibrated with an
UV pen lamp (Hg/Ar) and the standard spectrometer
software. This led to a wavelength shift of Δλ 0:1 nm
(see [19]). The uncertainties of the absorption cross-
sections depend on stray light, the stability of the deuter-
ium lamp and deviations of the Lambert–Beer law as well
as chemical conversion or residues in the gas cell and the
precision of the determination of the concentration. The
uncertainties due to stray light, and the deuterium lamp as
well as the deviations of the Lambert–Beer law have been
discussed in [19] and are in each case below 1%. Chemical
conversion and residues have not been found for the two
compounds under investigation. The precision of the
determination of the concentration is stated later in the
paper.
At first, the gas mixture entered a mixing/reaction
chamber, where it could be heated up to 423 K. Then, the
gas was led through a heated Teflon line (up to 473 K) into
the HGC (up to 800 K). The HGC was made of quartz glass
and consisted of three sections, one active gas section (inner
section) and two buffer gas sections (outer section). Thus,
the gas mixture enters the HGC at the center section, where
it splits into two equal flows to the left and to the right. The
pure nitrogen flow, as mentioned above, enters the outer
sections as a buffer gas with the same overall flow rate (half
on each side). The flows from the inner section and the
outer section meet between the two sections. Here, the net
flow velocity in the axial direction is zero and a laminar flow
sheet is established due to different viscosities of the gases.
This area is called the flow window. The gas could exit in a
radial direction through a gap between the sections. Thus,
the reactive gas is never in contact with the optical
windows. This has the advantage that the optical window
is not subject to corrosion or deposition, thereby providing a
well-defined gas cell length. Validation of the HGC (defined
path length, stable temperature profile etc.) can be found in
the report published by Grosch et al. [18]. The combined,
and therefore diluted (by the factor 0.5), flows were then
directed through a Teflon tube. Here, a rotameter and
pressure sensor were used to measure the flow rate and
the pressure in the system, respectively.
Fig. 1. Setup of the experiments including a gas mixing unit (1), an optical unit (2) for UV measurements with a HGC and a sampling unit (3) with a
Petersen column.
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Afterwards, the gas mixture entered the Petersen
column, a cooled two-stage sampling device for organic
and inorganic aerosols, where acetone was used as the
solvent. In the first stage, the gas was directly led into
acetone, and as a result, the gas flow was cleaned to a large
extent from the aromatic compounds. The second stage
consisted of a porous membrane followed by a larger
amount of acetone. The porous membrane produced a
diffuse gas flow resulting in much smaller bubbles in the
acetone than the first stage. The higher diffusivity resulted
in higher absorption of the remaining aromatic com-
pounds. As a result of this, the slip of sampling compound
was negligible. Due to the high backpressure caused by
this device, it was necessary to install a pump after the
Petersen column. The installation of a pump made active
pressure control necessary. The cooling of the system
made sure that the sample was always taken at the same
temperature of 289 K. The sampling time was 30 min in
every case. After each sampling period, absorbed aromatic
compound in acetone was filled into a volumetric flask and
then prepared for analysis by GC–MS in the second step.
The collected samples were filled to a known volume,
kept in the dark and refrigerated. An aliquot was taken
from each sample, and known amounts of deuterated
standards, phenol D6 and naphthalene D8 solutions
(29.7 mg and 26.5 mg in 100 ml methanol, respectively),
were added. After mixing, phenol and naphthalene were
identified and quantified using a GC–MS system. Samples
were analyzed using a Hewlett Packard HP 6890 gas
chromatograph interfaced to a HP5973 Mass Selective
Detector (Agilent, Denmark). Samples (1 μl) were injected
in the split mode (1:20) using an HP 7683 autosampler
(Agilent, Denmark). The source and rod temperatures were
230 1C and 150 1C, respectively. The products were sepa-
rated using a 0.32 mm i.d.30 m WCOT-fused silica col-
umn coated with VF 23 ms at a thickness of 0:25 μm
(Analytical, Denmark). The carrier gas was He at a flow
rate of 1.2 ml/min. Separation of products was achieved
using a temperature program from 70 to 250 1C at 10 1C/
min. The applied ionization energy was 70 eV. Full mass
spectra were recorded every 0.3 s (mass range m/z 40-
450). Products were identified using the NIST search
engine version 2.0 f. (Agilent, Denmark).
Four samples for GC analysis were taken for each
temperature, and three absorption spectra were recorded
for each sample. Taking multiple spectra per sample
assured that the errors of the UV spectrometry were in
the same range as previous experiments performed with
the same setup [19]. To minimize the deviations in con-
centration due to sampling and sample preparation in the
GC–MS analysis, the analysis was run six times for each
sample. The resulting six concentrations per sample were
averaged. The high concentrations of phenol and naphtha-
lene were approximately 450 ppm and 15 ppm, respec-
tively, whereas the low concentrations measured at
220 ppm and 7.4 ppm, respectively. The standard deviation
for each sample was below 3% for naphthalene up to 573 K
and for naphthalene at 773 K, and all phenol measure-
ments were approximately 5%. From the three absorption
spectra and the average of the concentrations, the absorp-
tion cross-section for each sample was calculated using the
Lambert–Beer law. The absorption cross-sections pre-
sented in this paper are the average value of the four
absorption cross-sections at each temperature.
3. Results and discussion
3.1. Phenol
Fig. 2 presents the absorption cross-section of phenol at
room temperature from the experiments conducted in this
study and data available from literature. Fig. 2a covers the
whole spectrum between 195 nm and 310 nm, and Fig. 2b
provides a closer look and therefore a better comparability
of the fine structure in the 264–271 nm range.
The data from Trost et al. presented in this paper are
used for differential optical absorption spectroscopy
(DOAS). As a result, they were more interested in the
difference in the fine structure rather than the absolute
values. Therefore, their data show a considerably high
Fig. 2. UV absorption cross-sections of phenol at room temperature. Comparison of available literature data (green – [12]; blue – [13]; orange squares –
[11]) and data obtained in this paper (red) between 200 nm and 310 nm (a) and a close-up between 264 nm and 271 nm (b). (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of this article.)
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offset of approximately 1017 cm2/molecule. While it is
valid for their application, this offset needs to be corrected
for comparison with other absolute measurements.
In comparison to the overall structure, a good agree-
ment between all absorption cross-sections can be stated.
Moreover, the measurements of Etzkorn et al. (blue) and
the ones from Trost et al. show a very good agreement in
the fine structure (see Fig. 2b). The only differences
observed are at the edges of the measurement range and
appear only in a shift of the absolute heights of the given
publication. The relative differences between the peaks as
well as the peak positions stay the same. Therefore, the
method for the determination of the cross-sections of
phenol in this paper can be considered as valid, and the
results at higher temperatures can be presented.
In Fig. 3, the absorption cross-sections for the four
temperature steps 296 K, 423 K, 573 K and 773 K are
presented in the 200–310 nm range. As observed for other
compounds [19], the fine structure of the spectrum dis-
appears with rising temperature. At the same time, the
overall structure gets broader and slightly shifts to higher
wavelengths. This results in an elevated intensity between
280 nm and 290 nm. At higher temperatures, the mini-
mum between the two major structures is shifted to a
higher wavelength. At room temperature, it is at approxi-
mately 235 nm and shifts to approximately 245 nm at
773 K. It is interesting to see that at lower wavelengths,
the coarse structure of phenol rises (between 200 and
230 nm) with temperature.
3.2. Naphthalene
In Fig. 4, the absorption cross-sections obtained from
these experiments are compared with data published by
Ferguson et al., George et al., Suto et al. and Orain et al. The
paper of Orain et al. mentioned the height of the absorp-
tion cross-section at the measured wavelength of 266 nm
to be between 1.251017 cm2/molecule and 1.35
1017 cm2/molecule.
In Fig. 4a, the absorption cross-sections of naphthalene
between 200 nm and 235 nm are presented. In general,
the absorption cross-sections are in good agreement with
the literature, especially with Suto et al. (green curve).
The differences are mainly in the absolute heights at the
maximum near 211 nm and at wavelengths below 210 nm.
These deviations at lower wavelengths have been
addressed in their publication [16]. Deviations at wave-
length above 210 nm mainly originate from low spectral
resolution, but can also be a product of the digitization
process.
In Fig. 4b, the characteristic bands of the absorption
cross-sections of naphthalene between 235 nm and
290 nm as well as the structures between 290 nm and
320 nm are presented and compared with previously
published results. A good agreement between the relative
heights of the peaks can be found, especially between
240 nm and 290 nm. The more recent publications by Suto
(green) and Orain (black) also show agreement in terms of
absolute heights of the absorption cross-sections within
the limits of error of the corresponding experiments
and the digitization process. In case of the structures at






























Fig. 3. UV absorption cross-sections of phenol between 200 nm and
310 nm at 296 K (blue), 423 K (green), 573 K (orange) and 773 K (red).
(For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this article.)
Fig. 4. UV absorption cross-sections of naphthalene at room temperature. Comparison of available literature data (green – [16]; blue – [15]; orange – [14];
black cross - [17]) and data obtained in this paper between 200 nm and 237 nm (a) and a between 237 nm and 320 nm (b). (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of this article.)
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wavelengths higher than 290 nm, a good agreement of the
position of the peaks between George et al. (blue) and the
cross-sections obtained here can be observed. Similar to
phenol, the method used achieved comparable results and
the presentation of results for higher temperatures can be
justified.
In Fig. 5, the absorption cross-sections of naphthalene
at room temperature (blue), 423 K (green), 573 K (orange)
and 773 K (red) are presented. Fig. 5a shows the spectral
features of naphthalene between 200 nm and 235 nm.
Similar to phenol, the fine structure disappears and the
structure becomes wider with increasing temperature.
Moreover, the maximum shifts from 210.7 nm at 297 K to
212.6 nm at 773 K and its absolute intensity decreases
significantly from 4.951016 cm2/molecule to 3.47
1016 cm2/molecule. In Fig. 5b, the effect of temperature
on the naphthalene spectrum between 235 nm and
300 nm is presented. Analogous to phenol in that region,
increasing temperature makes the fine structure disappear
and the overall structure wider, until almost no fine
structure can be observed at 773 K. Again, the widening
of the structure results in higher cross-sections between
280 nm and 300 nm.
4. Conclusion
Absorption cross-sections of two important aromatic
compounds, namely phenol and naphthalene, at four
different temperatures between room temperature and
773 K were presented in the UV region between 200 nm
and 360 nm at higher resolution than before. The cross-
sections were obtained by a combined measurement of UV
absorption spectroscopy and GC–MS, where the absorp-
tion measurements delivered the spectral features of the
compounds and GC–MS measurements provided the con-
centration values necessary for the calculations using the
Lambert–Beer law. The absorption cross-sections obtained
at room temperature were compared with data available
in literature. These data were in good agreement. Conse-
quently, the absorption cross-sections of phenol and
naphthalene at 423 K, 573 K and 773 K were presented
for the first time in this paper.
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